To define protein domains important for activation of the interferon (IFN)-induced enzyme 2-5A-dependent RNaseL, we have generated vaccinia virus (VV) recombinants able to express in cultured cells truncated forms of this protein and compared their biologic activities with those producing the wild-type enzyme, with and without coexpression of 2-5A synthetase. Our results show that full activation of RNaseL requires binding of 2-5A oligonucleotides within amino acid positions 212± 339, corresponding to ankyrin repeats 6 to 9. The protein kinase and ribonuclease domains of RNaseL, amino acids 340± 741, are sufficient for a constitutively active enzyme that is unresponsive to excess 2-5A. These results demonstrate in vivo the importance of the ankyrin domains in the biologic function of RNaseL. We suggest that ankyrin repeats act as key modulators of RNaseL activity. 113 
INTRODUCTION E
NDORIBONU CLEASE L (RNASEL) is an interferon (IFN)-inducible enzyme (reviewed in refs. 1±3) present in mammalian cells as a component of the 2-5A system, an IFN-regulated RNA degradative pathway. (4) Other proteins in this system are the double-stranded (ds)-RNA activated synthetases that produce 59 -triphosphorylated oligoadenylic acid (referred to as 2-5A) that binds to and activates RNaseL.
(1) During virus infection, dsRNA is frequently produced, and activation of the 2-5A pathway is one of the mechanisms used by IFN to inhibit virus multiplication (reviewed in refs. 1, 5) , directly demonstrated in the case of picornaviridae, (6±8) vaccinia virus (VV), (9) and human immunodeficiency virus-1 (HIV-1). (10) The biologic significance of the 2-5A system probably goes beyond its antiviral activities, and it has been suggested that enzymes in this pathway also have tumor-suppressor activities. (11) In this regard, the recent findings that activation of RNaseL causes death of cells by apoptosis (12±14) might be a mechanism mediating anticellular and antiviral actions of IFN.
Sequence analysis of human RNaseL gene (15) has shown that this protein is composed of three functional domains. At the N terminus are nine ankyrin-like repeats, immediately followed by a complete protein kinase domain and next to it, in the C terminus, the residues where the endoribonuclease activity is located. (16, 17) A truncated form of RNaseL lacking 89 amino acids at the C-terminus but still capable of 2-5A binding behaves as a dominant negative mutant in stable cell lines. (17) Ankyrin repeats are about 33 amino acids long and have been involved in mediating interactions in many different types of proteins (reviewed in refs. 18, 19) . Interestingly, the catalytically active form of purified recombinant 2-5A-dependent RNaseL is a homodimer that forms only on binding to 2-5A. (20) Recently, a novel bifunctional protein kinase/endoribonuclease (Ire1p) was found in mammalian cells, (21) which, similarly to its homolog in Saccharomyces cerevisiae, (22) is an essential proximal sensor of the unfolded protein response pathway (UPR). The C-termini of these proteins present significant sequence similarity to the endoribonuclease domain of human RNaseL. (21, 22) To learn about the structural-functional relationship of ankyrin domains in RNaseL, in this investigation we have studied the biologic function of truncated forms in vivo by using an expression system based on VV recombinants able to produce in mammalian cells enzymes in the 2-5A pathway that are active. (9, 13) Our findings provide the first in vivo mapping of functional domains of RNaseL and strongly suggest that the ankyrin repeats constitute key modulators of RNaseL activity.
MATERIALS AND METHODS

Plasmids
Human RNaseL gene contained in ZC-5 plasmid (15) was kindly provided by Robert H. Silverman (Cleveland Clinic Foundation, Cleveland, OH). We generated plasmid pRSET-RL for expression of RNaseL in Escherichia coli as described. (9) It contains the coding sequence for RNaseL, lacking only nucleotides coding for the 21 amino acids at the N-terminus, fused to a sequence for 38 new amino acids that includes a stretch of 6 histidine residues and the first 12 amino acids of the bacteriophage T7 gene 10 leader peptide. We generated plasmid pRSET-N by Nco I digestion of pRSET-RL and religation. This plasmid is similar to pRSET-RL but lacks sequences coding for amino acids 228±741 of RNaseL. Plasmid pRSET-1S and pRSET-2S were generated by SacI digestion of pRSET-Rl and religation. The former encodes a protein differing from the product of pRSET-Rl in a deletion of amino acids 212±339 in RNaseL sequence. In pRSET-2S, the deletion is of amino acids 22±339. Plasmid pTM-D N was obtained by cloning an NdeI 1 NcoI DNA fragment from pRSET-N into the SmaI site of VV insertion vector pTM 1-E. (23) Similarly, we obtained plasmids pTM-RL, pTM-D 1S, and pTM-D 2S by subcloning an NdeI DNA fragment from corresponding constructs in pRSET-B into the same insertion vector. These plasmids contain sequences coding for 8 extra amino acids in the N terminus in front of the initiation codon provided by pRSET-B. Plasmid pSC-2-5AS was obtained as described (9) and contains the E. coli b -galactosidase gene (lac z) under the control of a late viral promoter (p11) and human 40 kDa 2-5A synthetase gene under the control of an early and late viral promoter (p7.5).
Cells and viruses
African green monkey kidney cell line BSC-40 was grown in Dulbecco's modified Eagle' s medium (DMEM) supplemented with 10% newborn calf serum. Cells were cultivated at 37°C with 5% CO 2 . The recombinant viruses VV-RL, VV-D N, and VV-2-5AS were obtained as described by introduction of the insertion plasmids pTM-RL, pTM-N, and pSC-2-5AS, respectively, into the thymidine kinase (tk) region of wild-type VV (WR) by homologous recombination. (9) Using a similar procedure, we obtained recombinant viruses VV-D 1S and VV-D 2S. Basically, plasmids pTM-1S and pTM-2S were transfected into BSC-40 cells using lipofectamine reagent (GIBCO BRL, Paisley, UK) as indicated by suppliers, and recombinant viruses were selected in human TK-143B cells using 59 -bromo-deoxyuridine (25 m g/ml). (24) Three rounds of plaque purification in this cell line yielded homogeneous virus preparations containing the desired genes, as confirmed by Southern blot DNA hybridization analysis. Expression of proteins RNaseL, RNaseL-D 1S, RNaseL-D 2S, and RNaseL-D N, produced by viruses VV-RL, VV-D 1S, VV-D 2S, and VV-N, respectively, is under the control of a T7 promoter. The recombinant proteins contain at the N-terminus 46 additional amino acids, including a stretch of 6 histidine residues and the 12 amino acids gene 10 leader peptide. (9) Other TK viruses vTF7-3 (herein vT7) (25, 26) and VV-LUC, (27) were as described.
Analysis of low-molecular weight DNA
Low-molecular weight DNA was isolated (28) from cultured cells infected with the different VV recombinants under conditions described in Figure 4 . The DNA was analyzed by 1.6% agarose gel electrophoresis, and it was visualized by staining with ethidium bromide. (13) Total RNA isolation Total cellular RNA from infected cells was isolated using the Ultraspec-II RNA Resin Purification System (Biotecx). For analysis, denatured RNA was fractionated on 1% formaldehyde-agarose gels and stained using ethidium bromide. (13) 
Analysis of protein synthesis
For immunoblot analysis, protein samples were fractionated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose paper in a semidry blotting apparatus for 45 min at 200 mA and analyzed by immunoperoxidase staining after reactivity with different sera. Rabbit polyclonal serum specific for RNaseL was prepared as described. (9) Monoclonal anti-T7 tag antibody (Novagen, Madison, WI) recognizing the gene 10 leader peptide in the N-terminus of fusion proteins was used at a 1:3000 dilution. Rabbit polyclonal serum was specific for 2-5A synthetase was kindly provided by Robert H. Silverman (Cleveland Clinic Foundation). Analysis of de novo protein synthesis was performed by labeling for the specified times with [ 35 S]-labeled methionine 1 cysteine (100 m Ci/ml) in methionine and cysteine-free medium. After washing with phosphate-buffered saline (PBS), cells were immediately collected in lysis buffer, extracts were fractionated in SDS-PAGE, and dried gels were autoradiographed.
RESULTS
Generation of VV recombinants expressing truncated forms of RNaseL
To investigate the structural-functional relationship of the ankyrin domains, we generated recombinants expressing truncated forms of RNaseL and analyzed them compared with fulllength enzyme (diagram of vectors in Fig. 1) . Viruses VV-D 1S and VV-D 2S were obtained by homologous recombination of insertion vectors pTM-D 1S and pTM-D 2S, containing, respectively, RNaseL coding sequence lacking amino acids 212±339 or 1±339 into VV tk gene. (24) Recombinant viruses VV-RL, producing nearly full-length RNaseL, and VV-D N, expressing a truncated RNaseL lacking amino acids 228±741, were described previously. (9) After three cycles of virus purification, the recombinant viruses were confirmed by Southern blot DNA hybridization (data not shown). To define protein expression, monkey kidney BSC-40 cells were infected with 2 pfu/cell of each recombinant VV and at 24 h after infection, cells were labeled with [ 35 S]-methionine-cysteine for 2 h, and the protein pattern was analyzed by SDS-PAGE and autoradiography. As shown in Figure 2A gene under the control of VV constitutive promoter p7.5.
(25) As previously described, (9) expression of wild-type RNaseL induces severe inhibition of viral and cellular protein synthesis (Fig. 2A, lane 3) . Significantly, protein synthesis was differentially inhibited in cells infected with the mutant forms of RNaseL compared with wild-type enzyme or with cells infected with VV-2-5AS. The upper band in lane 2 ( Fig. 2A) corresponds to b -galactosidase, whose gene is not present in the other VV recombinants under control of the T7 promoter. The identity of the recombinant proteins was confirmed by immunoblot analysis using rabbit polyclonal anti-RNaseL serum (Fig. 2B) . The band intensities are different probably because of differences in binding of the antiserum, as the levels of protein expression were the lowest in cells infected with VV-RL.
The ankyrin region of RNaseL is required for full endoribonuclease and translation inhibition activities, and the sequences responsible map to ankyrin repeats 6 to 9
We have shown previously that at late times of infection, VV-RL causes the characteristic pattern of rRNA degradation that is indicative of RNaseL activation, as well as inhibition of virus protein synthesis (9) and cell death by apoptosis. (13) Combined expression of RNaseL with human 40 kDa 2-5A synthetase, produced by recombinant virus VV-2-5AS, further enhances the effects produced by RNaseL. (13) To establish the importance of the ankyrin repeats in the biologic activity of RNaseL, monolayers of BSC-40 cells were infected with one VV recombinant expressing a truncated form of RNaseL in combination with vT7 or VV-2-5AS or both, using 2 pfu/cell of each virus. A total multiplicity of 6 pfu/cell was maintained all along the experiment by using an auxiliary recombinant virus VV-LUC, (27) which is, as other recombinants used in this work, a tk(2 ) virus. We extracted total cellular RNA 48 h after infection in order to perform rRNA degradation assays (Fig. 3A) . In an attempt to quantify the endonuclease activity of the different forms of RNaseL, we have taken the amount of 28S rRNA found in cells infected with vT7 1 VV-D N (Fig. 3A, lane  4) as 100%, considering that cleavage is not observed in this situation. Because 2-5A accumulates at late times during VV infection, (29, 30) recombinant RNaseL becomes active in vT7 1 VV-RL-infected cells, and severe cleavage is observed (Fig.  3A, lane 2) , resulting in only 5.9% of the amount of 28S rRNA recovered in control cells. Interestingly, proteins RNaseL-D 1S (Fig. 3A, lane 6) and RNaseL-D 2S (Fig. 3A, lane 8) are also active and produce a characteristic pattern of rRNA fragments. The amount of 28S rRNA found was, respectively, 35.3% and 21.2% of values obtained in cells expressing RNaseL-D N. From this experiment, we conclude that truncated forms of RNaseL lacking up to 339 amino acids at the N-terminal region, which correspond to deletions of the ankyrin domain, still have endonuclease activity.
Coexpression of recombinant 2-5A synthetase further enhances RNaseL ribonuclease activity (Fig. 3A, compare lanes  2 and 3) , and the amount of 28S rRNA recovered is further reduced to 2.3% of control values. At 48 hr after infection, cleavage of rRNA also could be observed in cells infected singly with VV-2-5AS (Fig. 3A, lane 1) , probably because of low levels of activation of endogenous RNaseL, and only 13.5% of 28S rRNA was recovered. Synthesis of RNaseL-D 1S, D 2S, or D N together with 2-5A synthetase modulates somehow the 2-5A pathway, as there is a decrease in cleavage of rRNA relative to cells producing only 2-5A synthetase (Fig. 3A, compare  lanes 1 with lanes 5, 7, and 9 ). It is noteworthy that coexpression of 2-5A synthetase with RNaseL-D 1S (Fig. 3A, lane 7) or RNaseL-D 2S (Fig. 3A, lane 9 ) does not significantly enhance the level of RNA fragmentation produced (Fig. 3A, lanes 6 5A synthetase (Fig. 3B) demonstrated synthesis of this enzyme in cells infected with VV-2-5AS, although the levels differed depending on the specific effect on protein synthesis of the form of RNaseL coexpressed.
A consequence of fragmentation of rRNA by activation of the 2-5A pathway is inhibition of protein synthesis. Thus, we analyzed de novo synthesis of proteins 24 h after infection (Fig.  3C) , a time when production of virus proteins is still active, whereas cellular protein synthesis is blocked. (31) Monolayers of BSC-40 cells infected as before were pulse-labeled with [
35 S]-methionine-cysteine (100 m Ci/ml) for 15 min in methionine and cysteine-free medium, and protein extracts were fractionated in SDS-polyacrylamide gels. Very low level of protein synthesis activity was obtained in cells expressing RNaseL (Fig. 3C, lane  2) , which was further reduced by coexpression of 2-5A synthetase (Fig. 3C, compare lanes 2 and 3) . However, expression of 2-5A synthetase had no direct effect on protein synthesis by itself at this time of infection, as already described (Fig. 3C,  lane 1) . Cells infected with vT7 1 VV-D N presented protein levels that were similar in the absence or presence of 2-5A synthetase (Fig. 3C, lanes 4 and 5) . The difference in protein synthesis observed for VV-2-5AS (lane 1) and vT7 1 VV-D N (lane 4) infected cells is probably due to increased expression of genes driven by polymerase T7 over VV promoters, as this effect was not observed in cells infected with VV-LUC (not shown). Interestingly, in cells infected with recombinant viruses VV-D 1S (Fig. 3C, lane 6 ) and VV-D 2S (Fig. 3C, lane 8) there was inhibition of protein synthesis that could not be enhanced by increased production of 2-5A (Fig. 3C, lanes 7 and 9) . From the results shown in Figure 3 , we conclude that the ankyrin region in RNaseL is required for full endonuclease activity, and the sequences responsible for activation by 2-5A map to ankyrin repeats 6 to 9 of RNaseL.
Ankyrin domains 6 to 9 of RNaseL are required for full induction of apoptosis by the 2-5A system
Next, we analyzed the influence of ankyrin domains in the induction of apoptosis by the mutant forms of RNaseL. Thus, BSC-40 cells were infected as before, low molecular weight DNA was isolated at 48 h after infection, and DNA laddering was analyzed by 1.6% agarose gel electrophoresis containing 0.1 m g/ml ethidium bromide in Tris-acetate/EDTA buffer. As shown in Figure 4 , cells infected with vT71 VV-RL presented internucleosomal DNA fragmentation indicative of apoptosis (Fig. 4, lane 3 ) that could not be observed in mock-infected cells (Fig. 4, lane 1) or in cells infected with VV-2-5AS (Fig.  4, lane 2) . DNA laddering was markedly increased by coexpressing 2-5A synthetase and RNaseL (Fig. 4, lane 4) . Fragmentation of DNA was hardly detected in cells infected with vT71 VV-D N (Fig. 4, lane 5) , independently of coexpressing 2-5A synthetase (Fig. 4, lane 6) . Interestingly, when 2-5A was not produced in excess (in the absence of VV-2-5AS), the levels of internucleosomal DNA fragmentation were similar between cells infected with vT71 VV-D 2S or vT71 VV-RL (Fig.  4, compare lanes 3 and 9) and lower in cells infected with vT71 VV-D 1S (Fig. 4, compare lanes 3 and 8) . However, overproduction of 2-5A by coinfections of truncated forms of RNaseL and VV-2-5AS did not enhance DNA ladder formation (Fig. 4, compare lanes 7 and 8, and 9 and 10, respectively). These findings provide evidence that the ankyrin repeats 6 to 9 are required for full induction of apoptosis by the 2-5A system.
DISCUSSION
In this investigation, we have taken advantage of recombinants of VV able to express as active forms the IFN-inducible enzymes, RNaseL and 2-A synthetase. With the aim of identifying domains of RNaseL important for its biological function, we produced recombinant VV expressing truncated forms of RNaseL and compared their properties with those of viruses producing the full-length enzyme. Because deletion of a protein region may alter its stability or conformation or both and indirectly affect the activity of this protein, some caution must be exerted when analyzing results obtained with deletion mutants. However, our conclusions using intact mammalian cells basically confirm and extend results previously obtained using in vitro expression systems. (15, 32) In our in vivo assays, binding of 2-5A drives activation of RNaseL as an endoribonuclease, which causes inhibition of protein synthesis, the probable cause of inhibition of virus replication and of host cell death by apoptosis. As index of biologic activity of the 2-5A system, we evaluated endoribonuclease activity, inhibition of protein synthesis, and induction of apoptosis. Although inducible by IFN, basal levels of 2-5A synthetase are found in most, if not all, mammalian cells (reviewed in Ref. 2), which are responsible for the accumulation late during VV infection of high levels of 2-5A. (29, 30) This oligonucleotide is able to partially activate exogenously produced recombinant RNaseL in vT71 VV-RL-infected cells. (9) However, the enzyme can be further activated if higher levels of 2-5A are produced by coexpression of recombinant 2-5A synthetase. As observed in this investigation, truncated forms of RNaseL have lower enzymatic activity than full-length enzyme in the presence of excess 2-5A, proving that binding of the oligonucleotide is a requirement for full activation of RNaseL in vivo. Moreover, the ankyrin domain and, more precisely, amino acids 212±339 corresponding to part of repeat 6 and repeats 7 to 9 are critical for 2-5A regulation. Interestingly, this same region was mapped before as the binding site of 2-5A by using an in vitro assay performed with murine RNaseL-deleted protein. (15) Our data support recent findings by Dong and Silverman (32) obtained with mutant RNaseL expressed in E. coli. These authors demonstrated that deletion of all nine ankyrin repeats in RNaseL produced a protein with unregulated ribonuclease activity similar to our results with RNaseL-D 2S. They have suggested that in the absence of 2-5A, the ankyrin domain might be interacting with the catalytic domain, blocking ribonuclease activity and preventing dimerization by impeding access to the sites involved in this interaction. Only after 2-5A is bound is there a conformational change that allows dimer formation rendering an active ribonuclease. Our results extend the in vitro findings of Dong and Silverman (32) and demonstrate in vivo that in the absence of all ankyrin repeats, the Cterminal part of RNaseL is still biologically active, although to a lesser extent than wild-type RNaseL, suggesting constitutive activation of the enzyme. Full activation requires the presence of ankyrin repeats 6 to 9, as revealed with the mutant form of RNaseL-D 1S. That RNaseL-D 1S has enzymatic activity, although lower than that of RNaseL-D 2S, suggests that the modulatory domain is not fully comprised in ankyrin repeats 6 to 9. It is not known if dimerization is required for ribonuclease activity or is just a mechanism to maintain an active conformation of RNaseL.
Our findings are also important to define the functionality of ankyrin repeats. The fact that these sequences have been found in functionally very diverse proteins from nearly all phyla as well as in animal viruses (19) suggests that they do not serve a highly specialized function. Current evidence supports the idea that this motif is involved in interactions between distinct proteins and within regions of a single protein and, in some cases, in DNA binding. (33, 34) Our results demonstrate that by interacting with small oligonucleotides, ankyrin repeats are key modulators of the biologic activity of proteins.
The presence of the protein kinase domain in RNaseL strongly suggests an additional level of regulation of the 2-5A pathway throughout phosphorylation of different molecules of RNaseL or other proteins that might be interacting with RNaseL by the ankyrin repeats. Our expression system offers the opportunity to test these hypotheses.
